The objectives of this study were to measure particulate pollution (PM 10 , PM 2.5 , and PM 1.0 ) continuously (24 h/day for 7 day) using real-time exposure monitoring and to estimate total inhalation mass using breathing rate and time--activity. Breathing rates were calculated from measured heart rates. Participants were asked to record a time--activity diary every 15 min. Five microenvironments were defined based on the time--activity diary: home, workplace/school, other indoor, outdoor, and transportation. The average masses of inhaled PM 10 were 530, 316, and 280 mg/day for two office workers, a housewife, and three students, respectively; those of PM 2.5 were 316, 279, and 210 mg/day; and those of PM 1.0 were 251, 264, and 187 mg/day, respectively. We found that home and office/school microenvironments were the main contributors of PM 10 , PM 2.5 , and PM 1.0 inhaled mass during weekdays and weekends because dwelling time was a determinant factor for inhaled mass. Considering microenvironmental concentration, breathing rate, and dwelling time in each microenvironment, indoor home microenvironments were the largest source of particulate inhalation, followed in order by workplace, transportation, other indoor, and outdoor microenvironments. 34.6% and 69.6% of PM 10 inhalation mass were accumulated in home microenvironments during weekdays and weekends, respectively. The inhaled mass of particulate o1.0 mm (PM 1.0 ) in size occupied largest, followed in order by particulate 10--2.5 mm (coarse particle) and 2.5--1.0 mm in size for all occupations.
INTRODUCTION
Traditionally, airborne exposure monitoring and management of hazardous agents have been performed separately in occupational and non-occupational settings. 1, 2 Occupational exposure refers to personal exposure at the workplace during work shifts (i.e., 8 h/day, 40 h/week), and its concentration is typically compared with the occupational exposure limits (OELs) defined by governmental labor-regulation agencies (i.e., the Occupational Safety and Health Administration (OSHA) in the United States, the Health and Safety Executive (HSE) in the United Kingdom, and the Ministry of Labor in Korea). Non-occupational exposure monitoring includes general outdoor monitoring, as well as the monitoring of indoor air in homes, vehicles, and stores under the umbrella of the Environmental Protection Agency (EPA) in the United States and the Ministry of the Environment in Korea. Personal monitoring is usually preferred for occupational settings, whereas area sampling has been the primary method used for outdoor and indoor air monitoring. 1 OELs are based on 8-h timeweighted averages and include short-term exposure limits or ceilings for acute toxic chemicals or short half-life chemicals. 3 Outdoor air quality has been measured through stationary monitoring, the concept of which differs from that of personal monitoring. For example, the National Ambient Air Quality Standards in the United States are indirectly related to exposure because the measurements are taken at a monitoring site designed to be representative of the general location of an urban or suburban population. 4 Indoor air quality, which is believed to more closely represent subjects' exposure, has been monitored through area sampling inside buildings or homes; this method also differs from personal exposure and outdoor monitoring. Volatile organic compounds, formaldehydes, bioaerosols, fine particulate, and metals such as lead have been monitored in indoor microenvironments to examine their effects on health, such as respiratory symptoms, allergies, work performance, and absenteeism in schools. 5--7 These three approaches (occupational exposure, outdoor stationary monitoring, and indoor air monitoring) cannot be integrated directly into a total 24-h exposure measurement, due to differences in sampling methods and purposes. Further, these approaches take the reflexive perspective of the researchers' interests, not that of the subject.
To overcome this limitation and to evaluate 24-h exposure, national exposure studies such as the Total Exposure Assessment Methodology (TEAM) study (United States), the National Human Exposure Assessment Survey (NHEXAS; United States), the European Exposure Assessment Project (EXPOLIS; European Union), and the German Environmental Survey (GerES; Germany) have been performed. All of these studies have tried to estimate personal exposure in microenvironmental settings. Concurrent with and following these large-scale studies, a conceptual model of exposure science was developed. 4, 8 In exposure science, exposure monitoring of persons at contact points with the environment forms the basis for a broad spectrum of analysis, from the exposure source to the evaluation of associations with clinical diseases. 4, 8 Both personal exposure concentrations and temporospatial information, including personal activity data, are important for the characterization of where and how personal exposure occurs. Complete or partial temporospatial information, including personal behavior data, can be obtained using global positioning systems (GPS) and time--activity diaries (TADs) together or separately. By integrating airborne pollutant concentration measurements with personal activity and behavior data, we may gain a more precise understanding of the nature of personal exposure.
Numerous published studies have used TADs or time-use methods to assess exposure. The first description of the application of TADs to personal exposure monitoring was published by Schwab et al. 9 Other researchers have evaluated the contribution of ambient air pollution to personal exposure, 10 conducted nationwide and/or large-scale TAD surveys 11--15 and pilot TAD studies in preparation for larger studies, 16, 17 explained traffic officers' higher exposure in comparison with fixed station samples, 18 determined the contribution of socioeconomic status and behavioral factors to particulate pollution (PM 10 ) exposure, 19 evaluated personal radiofrequency exposure, 20 used TADs in combination with GPS to explain the magnitude and variance of personal exposure to PM 2.5 during transportation, 21 assessed students' exposure to particulates on campus, 22 performed longitudinal TAD studies for exposure modeling, 23 used TADs to evaluate ultraviolet (UV) exposure, 24, 25 and used electronic diaries to measure occupational UV exposure in association with physical pain. 26, 27 Although all of these approaches have contributed to exposure science, they have relied on estimated airborne concentrations, that is, mass per unit volume of air. In this study, we tried to estimate inhaled particulate mass per unit of time, that is, mass inhaled per day according to occupation. To the best of our knowledge, no data are available for the estimation of personal inhalation mass, rather than airborne concentration, in specific microenvironments and during weekdays and weekends.
The purposes of this study were to measure personal exposure to particulate pollution (PM 10 , PM 2.5 , and PM 1.0 ) continuously (24 h/day for 7 day) and to estimate inhalation mass per day at each microenvironment using breathing rate and time--activity.
MATERIALS AND METHODS Subjects
Owing to the intensive sampling strategy for this study, six healthy individuals were recruited for 24 h/day monitoring for 7 days. The participants included three graduate students, two office workers, and one housewife ( Table 1 ). During the sampling period (December 2009--March 2010), the participants were required to carry a real-time monitoring unit and to make regular entries in a TAD. Informed consent was obtained from all participants and the study protocol was approved by the Institutional Review Board of the Graduate School of Public Health, Seoul National University, Korea.
Sampling
The real-time monitoring unit consisted of a particle monitor and a heartrate monitor. A portable aerosol spectrometer (Model 1108; Grimm Aerosol Technik GmbH & Co. KG, Ainring, Germany) with a light-scattering, directreading monitor was used to measure mass concentrations of PM 10 , PM 2.5 , and PM 1.0 .
To correct the density of sampled aerosol, polytetrafluoroethylene (PTFE) filters, equilibrated before and after sampling for at least 24 h at 40--45% relative humidity and 21--231C, were weighed by a microbalance (ME5-F; Sartorius, Las Vegas, NV, USA) with an accuracy of 0.001 mg. Table 1 . Summary statistics of participants' time activities and heart rates.
Graduate students (n ¼ 3)
Office workers (n ¼ 2) Housewife (n ¼ 1)
Mean age (years) 26.7 39 45 Gender (n)
Male (2) Female (1) Male (2) Female (1 After weighing, a correction factor was applied to the acquired data with the portable aerosol spectrometer according to the manufacturer's instructions. In indoor settings, the particle monitor was located within 1 m of the participants when participants were sitting and they carried it during moving around. During travel, the participant was required to carry the particle monitor in a backpack with the inlet located within his/her breathing zone. Participants' heart rates were measured continuously by a heart-rate monitor (Model RS-400; Polar Electro, Kempele, Finland). The participants wore the heart-rate monitor at all times during the sampling period, except when sleeping or showering. The participants were required to wear the heart-rate monitor while sleeping for only one night, and these data were used to represent heart rates during sleeping on other nights. During shower, the heart rate monitor could not be attached and an average value of heart rate during home activity was used to calculate the breathing rate during shower. These two monitors were programmed to record simultaneous 1-min averages and the recorded data were downloaded daily.
Participants kept TADs that had been developed previously 19 and included detailed information about activities and microenvironments. Five microenvironments were defined based on the TAD data: home, workplace/school, other indoor, outdoor, and transportation. The participants were required to record their activity and possible exposure source at least every 15 min. Sometimes they recorded their activity on a cellular phone and later copied the information into the TAD. The researchers sent text messages several times a day to remind participants to make entries in the TADs, and reviewed the TADs and recorded data daily.
The real-time monitors recorded heart rates and mass concentrations of PM 10 , PM 2.5 , and PM 1.0 about 1380 times (1-min intervals, 23 h/day) for each day of the week. The participants recorded about 92 TAD entries per day (15-min intervals, 23 h/day). Data were obtained for a total of 42 person-days. Monitoring was not conducted for about 1 h in the morning because of data downloading and instrument calibration. In cases of absent data because of downloading, we used the average particle mass concentration values for an indoor office/school microenvironment and an average heart rate value.
Calculation of Breathing Rate and Inhaled Particle Mass
In this study, we calculated breathing rates from heart rate data using ageand sex-specific regression equations for Korean adults published by the Korean Ministry of the Environment. 28 For example, the average breathing rates for a young man and a young woman were 15.7 and 12.8 m 3 /day, respectively, which is slightly higher than the values (15.1 m 3 /day for men, 11.7 m 3 /day for women) suggested by the EPA. 29 The total inhaled particle mass per day (mg/day), which was different from measured airborne concentration (mg/m 3 ), was calculated using the following equation:
where D i is the deposition coefficient (we assumed all D i ¼ 1), C i is the airborne particle concentration (mg/m 3 ) at site i, BR i is the breathing rate (m 3 /min) at site i (estimated using heart rate), t i is the duration (min) at site i (St i ¼ 1440), and i is the activity site (home, work/school, other indoor, outdoor, transportation).
Statistical Analyses
Descriptive statistics were used to analyze general participant characteristics, including the staying time and heart rate in each microenvironment. A w 2 test for categorical variables was used to compare participants' staying time (%) in each microenvironment.
A one-sample Kolmogorov--Smirnov test was used to test the normality of the data. The distribution of airborne particle concentration data was not log-normal, but was right-skewed. Data are presented as medians and ranges between the first and third quartiles (Q 25 --Q 75 ). The Mann--Whitney U-test was used to analyze the difference in airborne concentrations for dichotomous variables (i.e., weekday vs weekend exposure) and the Kruskal--Wallis test was used to evaluate this difference for polychotomous variables (e.g., occupation, microenvironment). SAS software (ver. 9.1; SAS Institute, Cary, NC, USA) was used for statistical analyses.
RESULTS

Airborne Particle Concentration
A total of 42 person-days were surveyed, comprising 7 days of data for three graduate students, two office workers, and one housewife. Table 1 summarizes the general participant characteristics, including time activities and heart rates in each microenvironment. All participants spent 90% of their time indoors during weekdays and weekends. During weekdays, the home was the primary site for the housewife (22.8 h, 95%) and the graduate students (11.0 h, 46%), whereas the workplace was the primary site for the office workers (9.7 h, 40%), followed by the home (8.8 h, 37%) . During the weekend, home staying time increased sharply to 61% and 69% for graduate students and office workers, respectively, while activities other than home stay increased slightly for the housewife. During weekdays, staying time at home and other indoor sites differed significantly among graduate students, office workers, and the housewife (Po0.001, Po0.05). Outdoor activities occupied o0.4--0.7 h/day during weekdays and increased slightly to 0.7--1.3 h/day during weekends, but remained minimal in comparison with activities in other microenvironments.
Heart rates were higher during outdoor activities than during other activities, regardless of occupation; graduate students had the highest heart rates (103.3 ± 14.1 b.p.m.), followed by office workers (101.5±28.1 b.p.m.) and the housewife (95.6± 22.1 b.p.m.). The graduate students and office workers showed the lowest heart rates at home (81.4 ± 14.2 and 68.8 ± 12.2 b.p.m., respectively) in comparison with other microenvironments. The lowest heart rate was observed for office workers at home (68.8±12.2 b.p.m.); the at-home heart rate of the older housewife was 74.2 ± 10.6 b.p.m. Figure 1 presents an example of a graduate student's 24-h real-time exposure to PM 10 , PM 2.5 , and PM 1.0 on a weekday. As expected, the PM 10 level was higher than the PM 2.5 and PM 1.0 levels. Notably, the PM 2.5 and PM 1.0 levels were very close to the PM 10 level during gas stove use in the morning. Exposure levels were low during home stay at night, but increased rapidly in the morning when another occupant of the household turned on the gas stove, and decreased gradually thereafter. Exposure increased during outdoor walking to transportation and during the subway commute in the morning and at night. The outdoor walking and subway commute activities are presented together because each episode lasted o5 min. Exposure was relatively low during the students' stay at school, but was higher than in the home. Table 2 summarizes the PM 10 , PM 2.5 , and PM 1.0 exposure levels in each microenvironment during weekdays and weekends. Median values and quartile ranges are presented because some data sets were not distributed normally or log-normally. Exposure levels differed between weekdays and weekends. Nonparametric tests (Mann--Whitney U-test, Kruskal--Wallis test) showed significant differences in all categories listed in Table 2 : occupation (graduate student, office worker, housewife), sampling time (weekday, weekend), microenvironment (home, work/school, other indoor, outdoor, transportation), and PM type (PM 10 , PM 2.5 , PM 1.0 ).
The highest concentrations of PM 10 were measured in other indoor microenvironments for office workers on weekdays (66.3 mg/m 3 ), followed in order by transportation for students on weekends (60.8 mg/m 3 ) and for office workers on weekdays (57.5 mg/m 3 ), and outdoor microenvironments for office workers on weekdays (51.5 mg/m 3 ). The housewife was exposed to the highest concentration of PM 10 Inhaled Mass of Particulates Table 3 summarizes the inhaled particulate mass calculated using airborne exposure levels, breathing rates, and exposure times (Eq. (1)). The highest inhaled mass of PM 10 was 516.6 mg/day for office workers during weekdays, followed in order by the housewife during weekends (506.6 mg/day), the office workers during weekends (430.3 mg/day), graduate students during weekends (281.2 mg/day) and weekdays (280.5 mg/day), and the housewife during weekdays (255.5 mg/day). The inhaled mass of the housewife was about two times higher during weekends than on weekdays. The same pattern was observed for the inhaled mass of PM 2.5 and PM 1.0 . The inhaled mass of PM 1.0 exceeded 100 mg/day in the housewife at home during weekends (375.3 mg/day) and weekdays (201.5 mg/day) and in office workers at home during weekends (135.6 mg/day) and at work on weekdays (109.8 mg/ day), followed in order by graduate students at home during weekends (68.0 mg/day) and on weekdays (67.2 mg/day), and students at school on weekdays (60.3 mg/day). The inhaled masses of PM 10 , PM 2.5 , and PM 1.0 were less in other indoor, outdoor, and transportation microenvironments because of the short dwelling time. For example, the inhaled mass of PM 1.0 in these settings was o50 mg/day for each participant. Although the airborne particulate concentration was higher in transportation and other indoor microenvironments (Table 2) , inhaled mass in these microenvironments was smaller (Table 3) . It is interesting to note how each microenvironment contributed to the total daily inhaled mass. Figure 2 presents the daily inhaled mass of PM 10 for each occupational category. For all participants, the most particulates were inhaled in home and office/school indoor microenvironments (Figure 2 ) because of long dwelling time in these microenvironments, although the airborne concentrations were high in other indoor, outdoor, and transportation settings ( Table 2) . As expected, the housewife inhaled the most particulates (weekday, 93%; weekend, 88.3%) in the home because she spent the most time in this setting (weekday, 95.0%; weekend, 87.1%). The home was also the site of most particulate inhalation for graduate students and office workers on weekends (33.2% and 59.0%, respectively). On weekdays, office workers and graduate students inhaled most particulates in indoor office or school microenvironments (34.4% and 39.5%, respectively). Thus, the indoor home and worksite microenvironments were the main source of particulate inhalation, ranging from 55.6% for graduate students during weekends to 93.0% for the housewife during weekdays. In this study, the inhalation mass for office workers in other indoor settings (113.3 mg/day; 21.9%) was larger than in other categories because two office workers visited restaurants two times and bars two times where they inhaled second-hand smoke on weekday evenings. Figure 3 summarizes the contribution of each microenvironment to the total exposure (%) for all participants. The home was the main contributing source of the inhaled mass of PM 10 , PM 2.5 , and PM 1.0 during weekdays and weekends, followed in order by workplace/school, other indoor, transportation, and outdoor microenvironments (Figure 3) . The main reason for this finding is that the dwelling time in each microenvironment as well as airborne concentration affects the inhaled mass as expressed in Eq. (1). During weekdays, participants inhaled 35--39% of particulates in the home; this proportion increased to 70--72% on weekends because of the lengthy dwelling time in the home. Participants inhaled 27--29% of particulates at the office or school on weekdays, and this proportion decreased to 7% during weekends. For the housewife, this proportion without office/ school indoor was 34--40% on weekdays and 13--22% on weekends. In Korea, some office workers and graduate students work on Saturday as shown in Table 1 . Although airborne concentrations were higher in outdoor, other indoor, and transportation settings than in the home and office/school (Table 2) , the contribution of the former sites to the inhaled mass was less (weekday, 33--36%; weekend, 21--22%) than that of the latter sites (weekday, 64--67%; weekend, 78--79%). Figure 4 summarizes the weekday and weekend inhaled particulate mass by particle size (PM 10 --PM 2.5 , PM 2.5 --PM 1.0 , and Figure 4 , we confirmed that home and office/school microenvironments were the main contributing sources of inhaled particulate mass by particle size. The inhaled particulate mass of PM 2.5 --PM 1.0 during home stay was larger during weekdays than on weekends, while the inhaled particulate masses in other microenvironments during weekends were greater than or equal to the masses inhaled during weekdays for all particle sizes studied.
DISCUSSION
This trial study was carried out to integrate microenvironmental particulate concentrations with 24-h average concentrations and to convert these values to daily inhaled particulate masses. In contrast, most exposure studies published to date have measured airborne concentrations. Inhaled mass rather than airborne concentration might be closer to the internal dose because the former metric counts both breathing rate and time function as shown in Eq. (1). Some previous studies used inhaled mass to describe health effects. For example, 30 used daily inhaled mass of PM 2.5 for the association with the cardiovascular mortality. However, breathing volume of 18 m 3 /day was assumed to estimate daily inhaled mass. 30, 31 In this study, we estimated breathing rate using measured heart rate of participants and measured personal exposure continuously by direct reading instrument.
This study found that home and office/school indoor microenvironments were the main contributors to inhaled particulate mass, although the airborne concentrations in these microenvironments were low. During weekdays, the participants in this study inhaled 35--39% of PM 10 , PM 2.5 , and PM 1.0 in the home, followed in order by office/school (27--29%) and other indoor (21--23%) microenvironments, such as restaurants or bars. On weekends, 42--70% of inhaled particulate mass was accumulated in the home, followed by other indoor microenvironments (9--10%). This finding suggests that home and office/school settings are the main sources of direct exposure to particulates o10 mm in size; the concentrations in these microenvironments are directly or indirectly connected to other sources, such as traffic and outdoor sources.
This study also presented inhaled mass by particle size (PM 10 --PM 2.5 , PM 2.5 --PM 1.0 , PM 1.0 ). PM 1.0 particulates accounted for most of the inhaled mass, followed by PM 10 --PM 2.5 .
Our graduate student participants inhaled most PM 1.0 at home during weekdays and weekends. Indoor home and school microenvironments were the major sources of particulate inhalation for graduate students on weekdays, but particulate inhalation in other microenvironments increased on the weekends. In contrast, office workers inhaled particulates in diverse microenvironments on weekdays, but home became the major inhalation microenvironment during weekends because the office workers spent much more time at home on weekends than on weekdays, which was a typical pattern in Korean culture. PM concentration of office worker at other indoors was high during weekend compared with the other participants or other microenvironment (Table 2 ) because other indoors include bar and restaurants where smoking was permitted. Time--activity pattern in Korea during evening is known to be different from western country because of cultural habits and societal norms. 32 The mass inhaled by the housewife increased during weekends in comparison with weekdays in all microenvironments. Family members are likely to spend more time at home during weekends. Other family members including husband and three sons stayed more time in home during weekend. House wife described other members' activity such as TV watching, vacuuming, computer games, and reading, all of which were not likely to be occurred during weekend daytime. These activities could have been other particulate sources. The housewife has cooked more during weekend than weekday (127 vs 96 min/day, respectively, data not shown in Table 1 ), while average cooking time was 105 min/day (Table 1) .
In addition, the housewife spent slightly more time away from home on weekends (Table 1 ) and these activities including more driving time, exercise, and Sunday worship contributed to the inhalation of more particulates during weekends than weekdays. This survey did not include blue-collar workers because of the intensive and inconvenient sampling strategy, which required participants to carry monitoring equipment 24 h/day for 7 days. However, blue-collar workers might be expected to inhale more particulates because of high breathing rates and high airborne particulate concentrations. Figure 5 presents the assumed 8-h inhaled mass of PM 10 for several blue-collar occupations. In this estimation, we used the breathing rate (0.7 m 3 /h) and office airborne concentrations (20.8 mg/m 3 ) measured for white-collar workers in this study. Breathing rates listed in the 29 exposure handbook were used for construction workers, steelworkers, and carpenters (1.4, 1.6, and 1.9 m Figure 5 . Estimated inhaled particulate mass for white-and bluecollar workers.
